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ABSTRACT
A previous spectroscopic study identified the very massive O2 III star VFTS 16 in the Tarantula Nebula as a runaway star based on its
peculiar line-of-sight velocity. We use the Gaia DR2 catalog to measure the relative proper motion of VFTS 16 and nearby bright stars
to test if this star might have been ejected from the central cluster, R136, via dynamical ejection. We find that the position angle and
magnitude of the relative proper motion (0.338 ± 0.046 mas yr−1, or approximately 80 ± 11 km s−1) of VFTS 16 are consistent with
ejection from R136 approximately 1.5±0.2 Myr ago, very soon after the cluster was formed. There is some tension with the presumed
age of VFTS 16 that, from published stellar parameters, cannot be greater than 0.9+0.3−0.2 Myr. Older ages for this star would appear to
be prohibited due to the absence of He i lines in its optical spectrum, since this sets a firm lower limit on its effective temperature. The
dynamical constraints may imply an unusual evolutionary history for this object, perhaps indicating it is a merger product. Gaia DR2
also confirms that another very massive star in the Tarantula Nebula, VFTS 72 (alias BI 253; O2 III-V(n)((f*)), is also a runaway on
the basis of its proper motion as measured by Gaia. While its tangential proper motion (0.392 ± 0.062 mas yr−1 or 93 ± 15 km s−1)
would be consistent with dynamical ejection from R136 approximately 1 Myr ago, its position angle is discrepant with this direction
at the 2σ level. From their Gaia DR2 proper motions we conclude that the two ∼100M O2 stars, VFTS 16 and VFTS 72, are fast
runaway stars, with space velocities of around 100 km s−1 relative to R136 and the local massive star population. The dynamics of
VFTS 16 are consistent with it having been ejected from R136, and this star therefore sets a robust lower limit on the age of the central
cluster of ∼1.3 Myr.
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1. Introduction
The presence of very massive (M&100 M) isolated stars within
∼ 100 parsec of extremely young massive clusters such as R136
and Westerlund 2 (Walborn et al. 2002; Evans et al. 2010;
Roman-Lopes et al. 2011) is interpreted as evidence that the dy-
namical ejection scenario (DES; Poveda 1967) is an effective
mechanism for ejecting some of the most massive stars from
their birthplaces. The competing channel of ejection by the bi-
nary supernova ejection scenario (BES; Blaauw 1961) may be
excluded since, with ages of less than about 2 Myr (Sabbi et al.
2012; Crowther et al. 2016; Zeidler et al. 2015), these clusters are
unlikely to have produced a core-collapse SN, an event even less
likely when these stars were ejected. While it has been suggested
that some isolated massive stars may form from small molecular
clouds (Parker & Goodwin 2007; Bressert et al. 2012; Lamb et
al. 2016), the peculiar line of sight (LOS ) velocities of some of
the most massive stars indicate that they are runaway stars and
strong candidates for dynamical ejection. In fact, N-body simu-
lations of dynamical ejection from star clusters (Banerjee et al.
2012; Perets & Šubr 2012; Oh & Kroupa 2016) have had some
success in explaining the presence of the isolated very massive
stars around clusters like R136, as has the model in which a sin-
gle very massive wide binary, a "bully binary", scatters massive
stars out of their host cluster after a single interaction (Fujii &
Portegies Zwart 2011).
The proto-typical example of such an object, presented by
Evans et al. (2010), is the star VFTS 16, a ∼100 M O2 III star
on the periphery of 30 Doradus within the Tarantula Nebula of
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the Large Magellanic Cloud. This star is ∼120 pc in projection
from the central cluster R136 and data from the VLT-FLAMES
Tarantula Survey (VFTS, Evans et al. 2011) shows that it has
a LOS radial velocity which is discrepant by −85 km s−1 com-
pared to the central cluster, R136, while multiplicity is ruled out
by the survey’s multi-epoch data. In the absence of any mea-
sured proper motion for VFTS 16, Evans et al. (2010) proposed
R136 as the parent cluster based on the star’s main-sequence life-
time, assuming a transverse velocity comparable to its peculiar
radial velocity, and given the youth and mass of R136. They fur-
ther argued that VFTS 16 may be one of the clearest cases for
ejection of a very massive star by dynamical interaction from a
young massive cluster, with Banerjee et al. (2012) presenting an
N-body simulation in support of this idea.
In this paper we present the Gaia DR2 proper motion for
VFTS16, and demonstrate that its magnitude and direction are
fully consistent with R136 as its point of origin, reinforcing the
idea that the star has indeed been ejected from the cluster. In sec-
tion 2 we present the Gaia data and analysis details upon which
our conclusions are based, while in section 3 we discuss their
potential significance.
2. Analysis of Gaia DR2 data
2.1. Defining the local reference frame of R136
Using the Gaia Data Release 2 (DR2) catalog (Gaia Collabo-
ration et al. 2018a) we extracted all sources within 0.2 degrees
of R136 after first screening out stars fainter than G = 17.0m,
corresponding to the approximate faint limit of the VFTS (given
the significant extinction of OB stars in this field we have that
G ≈ V). This sample was cross-matched with VFTS sources and
other known massive stars before filtering out foreground stars
using their parallax measurements, and measured radial veloci-
ties (also from VFTS).
We noticed that the resulting sample of 827 sources had con-
siderable numbers of stars with very high tangential velocities
relative to their surroundings, up to 250 km s−1 in some cases.
These high velocities are clearly spurious as we know from spec-
troscopy that the LOS relative velocities should be less than
∼100 km s−1. Dividing our sample into fast (202 sources, or
24% of the filtered sample) and slow (625 sources) subgroups,
with the divide being arbitrarily chosen to be a tangential veloc-
ity of 100 km s−1, we noted a clear difference in distributions
with the fast subgroup being more strongly concentrated in ar-
eas of high stellar density and/or strong nebulosity, such as in
the centre of the field near R136 itself (i.e. NGC2070), as shown
in Figure 1. This distribution, with the fastest moving stars more
strongly clumped, is also the opposite of what one expects if
these proper motions were real. We also see some apparently
fast moving stars in more isolated environments, however spot
checking these it appears they are often either blended sources
(OB stars) or late-type LMC field stars.
As discussed by Gaia Collaboration et al. (2018b) the pres-
ence of close companions may contribute to delivering spuri-
ous astrometric solutions and indeed we confirmed that in some
cases, using existing multi-colour HST imaging of our field
from the Hubble Tarantula Treasury Project (HTTP; Sabbi et al.
2013), stars with very high proper motions were indeed blended
sources. While Gaia Collaboration et al. (2018b) discuss po-
tential filtering approaches, we found that most of the sources
in our sample with spuriously high proper motions were re-
moved by excluding those sources with proper motion errors
greater than 0.1 mas yr−1 in both co-ordinates. Filtering our orig-
inal Gaia sample with this constraint produced a subsample of
682 sources. This subsample was found to have mean proper
motion components of pmRA=1.72 and pmDec=0.67 mas yr−1.
Restricting the sample to the central 153 stars within 0.05 de-
grees of R136 (thus including NGC2060), on the other hand,
resulted in only slightly different values of pmRA=1.74 and
pmDec=0.70 mas yr−1, with standard deviations of 0.13 and
0.20 mas yr−1 respectively (the error in the means being
√
N
smaller; 0.01 and 0.02 mas yr−1 respectively). Since we are pri-
marily interested in testing the hypothesis that VFTS16 was
ejected from the central R136 cluster, we have converted all ab-
solute proper motions to proper motions relative to this region by
subtracting the mean motion of the central stars from the sample.
2.2. The relative proper motions of the O-type stars
We cross-matched the resulting catalog against the O-type stars
taken from the VFTS catalog (Evans et al. 2011) and obtained
matches for 193 sources. However it was found that the proper
motion diagram of this sample still had a significant number
of outliers, therefore we applied a further, stricter, filter by
excluding all sources with proper motions errors greater than
0.07 mas yr−1 in both ordinates, resulting in a final selection of
79 sources. While this procedure undoubtedly removes many
bona fide measurements, our primary objective is to set the con-
text for VFTS 16, with errors of approximately 0.05 mas yr−1,
and for that purpose the procedure is sufficient. This is illustrated
in Fig. 2 where one can see that due to the rapid increase in the
dispersion of the proper motion measurements for stars with er-
rors greater than ∼ 0.07 mas yr−1, it would be impossible to un-
ambiguously distinguish between genuine runaway candidates
and outliers if we include these stars in a proper motion diagram.
Moreover, from Fig. B.2 of Gaia Collaboration et al. (2018a),
0.07 mas yr−1 is the median value of the formal uncertainty of
the proper motion for all sources in the Gaia catalog at the ap-
proximate median magnitude of our O-star sample (G ∼ 15.3).
In Fig. 3a we display the resulting proper motion diagram,
where one can see that we now have only a small number
(5) of clear outliers, with relative proper motions in excess of
0.3 mas yr−1. The distribution of the bulk of the stars appears to
be offset to negative velocities with respect to the origin (i.e.
R136). However checking the distributions of these stars it is
clear that this is due to the large number of O-type stars in
NGC2060 (see Fig. 4) that have on average a bulk velocity with
respect to R136/NGC2060 of approximately −0.06 mas yr−1 in
RA, or 15 km s−1, and about +0.02 mas yr−1 in DEC, or about 5
km s−1.
We made a final manual review of outliers in this dia-
gram to check for crowded stars, or stars contaminated with
strong nebular emission. Three of these objects; the O2 III-
V((f*) spectroscopic binary VFTS 512 (and an X-ray source),
the O6.5 Iafc+O6 Iaf binary VFTS 527 (alias R 139 and also
an X-ray source) and the O2 III(f*) star VFTS 599, are in the
crowded inner region of NGC 2070 where we detect many spu-
riously large proper motions. We suspect some, or all, of these
three measurements may not be reliable and defer discussion of
these objects pending further analysis of the impact of crowding
and/or strong nebulosity on the Gaia astrometry.
In contrast we confirm that VFTS16 is isolated, and re-
sides in a region of very low stellar density, consistent with
its runaway status from Evans et al. (2010). Its Gaia pa-
rameters indicate that the source was well observed (having
visibility_periods_used=17), indicating high astrometric
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Fig. 1. On the left (red points) we have the fast sample of stars (202 sources) with assumed spurious tangential velocities greater than 100 km s−1,
while on the right (blue points) we illustrate the slow sample of stars (625 sources) with tangential velocities less than 100 km s−1. The fast sample,
24% of the total, are clearly clumped within regions of high stellar density and/or strong nebulosity.
Fig. 2. Comparison of relative proper motion versus the magnitude of
the semi-major axis of the error ellipse of the proper motion for all
193 O-stars in our core sample, with the filled symbols representing
those stars with errors less than 0.07 mas yr−1 in both proper motion
ordinates. Ignoring outliers, it is apparent that the dispersion of proper
motions begins to increase significantly above 0.07 mas yr−1 (vertical
dashed line). For illustration the horizontal dashed line represents a ve-
locity of 50 km s−1 at the distance of the LMC. Labels are the VFTS
identification numbers for those stars discussed in the text.
quality with very low DR2 uncertainties. This is also confirmed
by the astrometric_sigma5d_max (being 0.055 mas) which
represents the semi-major axis of the position error ellipse and is
therefore useful for filtering out cases where one of the five pa-
rameters, or some linear combination of several parameters, was
particularly ill-determined. (Gaia Collaboration et al. 2018a).
VFTS 72 is also an obvious outlier and we confirm that this
is also isolated in the HST images. As discussed by Evans et al.
(2010) this O2 III-V(n)((f*)) star was also suggested as a poten-
tial runaway star in 30 Doradus (Walborn et al. 2002), however
its LOS velocity of 273 km s−1 is both very close to the mean O-
star velocity of 270 km s−1, and shows no significant variation
(Sana et al. 2013). We therefore confirm it as a runaway based on
its proper motion with respect to R136. Similarly to VFTS 16, its
Gaia DR2 parameters indicate that VFTS 72 has an astrometric
quality that is very high (a visibility_periods_used of 16
and an astrometric_sigma5d_max of 0.067).
For each star the PM case for runaway status is statistically
significant. The joint probability of a PM as large as observed (or
larger) and an angular alignment as well as observed (or better)
jointly occurring by chance, for a PM distribution with the RMS
values in Figure 3a, is less than 1%. Given that we have studied
a sample of 79 stars in Figure 3, the probability a finding a single
1%-unlikely PM event is non-negligible. However, the fact that
for both these stars there is independent evidence for runaway
status already in the literature, as discussed in this paper, strongly
suggests that these are not just chance alignments in the normal
tail of the PM distribution.
Platais et al. (2018) have also presented proper motions for
stars in 30 Doradus and the Tarantula Nebula based on two
epochs of HST observations. However VFTS 16 was not in-
cluded in that catalogue because the star is saturated in all ex-
posures, and VFTS 72 was outside the field covered by the
catalogue (though the star was observed in some exposures of
the subsequent HTTP survey). However a new method to de-
termine the proper motions of saturated stars in HST images
(Anderson 2018, priv. comm.) does suggest a proper motion for
VFTS 16 that is consistent with the Gaia DR2 measurement,
lending added confidence to the main result of the present paper.
For visualisation, we also decomposed the proper motions of
the sample stars into radial and tangential proper motions rela-
tive to R136. Figure 3b shows the resulting scatter diagram. A
star that is moving rapidly and purely radially away from R136
would appear near the x-axis to the far right of the plot. Indeed,
VFTS 16 and VFTS 72 are found in this area, confirming their
status as candidate runaway stars. We do note that one of the
other rapidly moving stars, VFTS 512, also has a nearly radi-
ally directed motion. Therefore its measured DR2 proper mo-
tion could possibly be correct, and indicative of runaway sta-
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tus. When we relax our conservative sample cut on the proper
motion errors of 0.07 mas yr−1, several more stars appear near
VFTS 16 and VFTS 72 in our polar plot of proper motions,
namely VFTS 80, 460, 481, 627, 722, 753 and VFTS 231, 830
respectively. However from Fig. 2 one can see that their nature is
somewhat ambiguous and, in the absence of a better understand-
ing of the DR2 systematic uncertainties discussed in section 2.1
(and illustrated in Fig. 1), we refrain from interpreting the mo-
tions of these stars here. For example our most extreme outlier
in proper motion from Fig. 2 is VFTS 141, however close in-
spection of HST images of this star confirm it to be a very close
visual binary and hence we consider this measurement unreli-
able. Nevertheless, it is possible that with additional analyses or
future Gaia data releases, some of them may prove to be true run-
aways. Hereafter, we focus exclusively on the cases of VFTS 16
and VFTS 72.
Properties for both of these stars are collected in Table 1,
where we convert proper motion to velocity assuming a distance
to the LMC of 50.1±2.5 kpc, corresponding to a distance modu-
lus of m-M=18.50±0.1 (Freedman et al. 2001). We note that the
distance uncertainty also implies a ∼5% systematic uncertainty
in predicted and derived velocities.
3. Discussion
Evans et al. (2010) argued that VFTS 16 was a candidate for
dynamical ejection from R136 based on various of pieces of cir-
cumstantial evidence; it is a LOS runaway and it is very massive
and so young that R136 is the only potential launch site, even
when accounting for plausible rejuvenation of the runaway star,
provided its high peculiar LOS velocity (−78 km s−1) would be
matched by its tangential velocity. The case for VFTS 72 being a
runaway was first put forward by Walborn et al. (2002) and was
based primarily on the discussion of this star’s relative isolation
in the field near 30 Doradus, albeit from VFTS we have that this
star’s radial velocity is not anomalous (Sana et al. 2013), and ex-
hibits little sign of variability. In the above we have determined
that VFTS 16 and VFTS 72 are indeed runaway stars in the tan-
gential plane, with relative tangential speeds of 80 and 93 km s−1
respectively.
In the following we discuss the consistency of the various
timescales of interest for each star, namely, their flight times to
R136, their ages (for now assuming single star evolution), and
the age of the central R136 cluster. For the age of the cluster
we adopt the value proposed by Crowther et al. (2016) of 1.5+0.3−0.7
Myr as this is based on HST /STIS spectroscopy of the most
massive stars within the central parsec of the cluster.
In Table 1 we present the flight time to R136, tR136, sim-
ply dividing the angular distance to the cluster, dR136, by the
tangential proper motion. This is of course only correct if the
proper motions align exactly along the position angle to the cen-
tral cluster, which is a good approximation for VFTS 16 but not
for VFTS 72, as shown in Figure 4, and in Table 1. In addition
these values do not take account of possible deceleration as the
star leaves the cluster, and as such should be interpreted as up-
per limits (though the effect is small). Nevertheless, considering
VFTS 16 we find that the position angle of its velocity vector
with respect to R136 is ∼ +3◦, with an opening angle of ∼ 17◦,
which is consistent within the uncertainties. Also from Table 1
we have tR136 ∼1.5 Myr, to be compared with the age estimate
provided by Schneider et al. (2018) of 0.7 ± 0.1 Myr. Clearly
the latter value is in tension with the flight time though we will
return to this issue below. For now we note that tR136 is in good
agreement with the age of R136 of 1.5+0.3−0.7 Myr, also noting that
this timing implies that ejection would have to have occurred
very early in the lifetime of the cluster. The case of VFTS 72 is a
little different. Its position angle is 20◦ from alignment with the
central cluster, a discrepancy of ∼2σ. Schneider et al. (2018) de-
termined the age of VFTS 72 as 0.4+0.8−0.4 Myr, somewhat smaller
than tR136, but consistent within the uncertainties.
Fujii & Portegies Zwart (2011) presented a DES model,
the "bully binary" model, for the ejection of massive stars from
dense young clusters, focusing on R136 as an important test case
and in fact proposing that VFTS 16 is one of the ejected stars pre-
dicted by their model. In this model, a very massive wide binary
that formed during the collapse of a young star cluster acts as a
scattering source due to its high collision cross section. The scat-
tered stars may attain velocities well in excess of the cluster es-
cape velocity, and Fujii & Portegies Zwart (2011) predict that a
cluster like R136 should have produced ∼5 runaways with veloc-
ities greater than 30 km s−1, and with masses greater than 8 M.
While there are promising properties of the bully binary model
to explain runaways around massive clusters, a potential problem
with this model is that it has difficulty producing very massive
runaways with space velocities as high as VFTS 16 (112 km s−1)
because in this model it is assumed the runaway is ejected af-
ter a single interaction with the bully binary. Models that allow
for multiple interactions with multiple binaries do predict faster
runaways (Oh & Kroupa 2016; Perets & Šubr 2012) though the
fraction of runaways produced with velocities greater than ∼100
km s−1 is typically very small, a few percent or less. In a sim-
ilar N-body simulation taylored specifically to R136, Banerjee
et al. (2012) demonstrate that two of their four simulations of
R136 each produce a single runaway with properties similar to
VFTS 16 within the first Myr. If VFTS 72 would also be a DES
runaway, that would begin to strain the predicted numbers of
such very massive and fast runaways by roughly a factor of 2–4.
(See also Renzo et al., to be submitted, for a further candidate.)
However given the caveats expressed in section 2.2 that will af-
fect the completeness of our sample, in particular the difficulty
in determining proper motions of stars close to R136, it is not
useful at the present time to make statistical comparisons.
As mentioned above, the inferred age of VFTS 16 (0.7 ± 0.1
Myr) is significantly less that its flight time (1.50±0.21 Myr) and
also just consistent with the age of R136 (1.5+0.3−0.7 Myr) within
the errors. It is tempting to argue that VFTS 16 star might be a
merger product of an ejected binary (see Oh et al. (2014) for a
simulation of how the very massive binary R144 may be a DES
runaway from R136). Indeed stellar mergers may lead to reju-
venated stellar products (Schneider et al. 2016; de Mink et al.
2014) and thus provide a potential channel to explain the age ver-
sus flight time discrepancy. However VFTS 16 has a rather low
vsini of 112 km s−1, and a surface nitrogen abundance that im-
plies an initial rotational velocity not much larger than that (see
Figure 5). While its properties do not naturally suggest that it is
a merger product, it is worth recalling that the massive runaway
stars predicted by Banerjee et al. (2012) are, in fact, mergers.
The ages in Table 1 are from Schneider et al. (2018) and
are based on the FASTWIND analysis of the VFTS optical data
from Ramírez-Agudelo et al. (2017) and Sabín-Sanjulián et al.
(2017) for VFTS 16 and VFTS 72 respectively, and make use of
the evolutionary tracks of Köhler et al. (2015) for LMC metal-
licity. In the case of VFTS 16 the small uncertainty in the age
is driven primarily by the adoption of a 1σ formal error (68%
confidence limit) in the effective temperature, Teff=50 600+500−590K.
We note that Ramírez-Agudelo et al. (2017) quote the 95% confi-
dence intervals of +500−1190K in Teff for this star, while Bestenlehner
et al. (2014) derived a higher Teff for VFTS 16 of 53 100 K us-
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Table 1. Properties of the candidate runaway O2 stars. Relevant stellar parameters in the upper section of the table are from the VFTS as indicated,
while in the lower section we give the Gaia source identifier, relative proper motion components, position angle of proper motion (PApm), distance
in projection to R136 (dR136) in arcsec, and position angle (PAR136) of source with respect to R136 (East of North) in degrees, and time of flight
tR136 from R136, calculated simply as dR136/(rel. pm).
VFTS 16 VFTS 72
Spectral Typea O2 III O2 III-V(n)((f*)
Teffb (K) 50 600+500−590 54 000 ±1500
Current Massb (M) 91.6+11.5−10.5 97.6
+22.2
−23.1
Ageb (Myr) 0.7 ± 0.1 0.4+0.8−0.4
vsinic ( km s−1) 112±30 185±30
vLOS d ( km s−1) 189.2±1.2 273.4±1.9
Gaia Source id 4657690620070706432 4657698454092124416
rel. pmRA ( mas yr−1) −0.336 ± 0.046 −0.372 ± 0.050
rel. pmDec ( mas yr−1) −0.038 ± 0.045 +0.125 ± 0.061
PApm −96◦±8 −71◦±8
PAR136 −99◦ −51◦
dR136 (arcsec) 506 370
rel. pm ( mas yr−1) 0.338 ± 0.048 0.392 ± 0.062
tangential speed ( km s−1)e 80 ± 11 93 ± 15
3D speedf ( km s−1) 112 ± 8 93 ± 15
tR136 (Myr) 1.50 ± 0.21 0.94 ± 0.15
Notes. (a) Walborn et al. (2014) (b) Schneider et al. (2018) but see the Sect. 3 (c) Ramírez-Agudelo et al. (2013) (d) Sana et al. (2013) (e) Assuming a
distance to the LMC of 50.1 kpc (f) We adopt 267.7 km s−1 as the LOS velocity of R136 from Hénault-Brunet et al. (2012)
ing CMFGEN, quoting an error of 0.02 dex, or approximately
2 500 K. Analogous comments apply to VFTS 72. It has been
analysed a number of times using FASTWIND and CMFGEN
with Teff values ranging from 50 000 K to 55 000 K (Mokiem et
al. 2007; Doran & Crowther 2011; Rivero-González et al. 2012;
Bestenlehner et al. 2014; Sabín-Sanjulián et al. 2017).
To examine the sensitivity of the age of VFTS 16 to sys-
tematics in the determination of Teff we assumed a larger uncer-
tainty of +2000−1000 K in the effective temperature and, using bonnsai
1
(Schneider et al. 2014, 2017), we derive an age of 0.9+0.3−0.2 Myr.
It is difficult to argue for an age greater than this as the upper
bound is quite robust. As discussed by Walborn et al. (2002), in
their paper defining the O2 spectral type, these stars are char-
acterised primarily by the lack of He i lines in the optical. Con-
sequently the lower bound on Teff , and the upper bound on the
age, is provided by the presence of a weak He i 4471 line in the
models, and its absence in the observations. Lowering the tem-
perature below 50 000-49 000 K gives rise to He i in the models
that is not detected in the data. Turning to VFTS 72 we consider
Teff=54 000+1000−4000K as a compromise between published param-
eters. We also adopt a nitrogen abundance of 8.2±0.3 dex de-
rived from the same VFTS data and methods described in Sabín-
Sanjulián et al. (2017) , and with these modified parameters we
derive an age of 0.80+0.35−0.47 Myrs, consistent with the results of
Schneider et al. (2018). We illustrate the sensitivity of the ages
to the stellar parameters and evolutionary tracks in Fig. 5 (the
nitrogen abundance for VFTS 72 is from Grin et al. 2017). Sum-
marising this part of the discussion, even allowing for the range
of published effective temperatures of these stars, it is difficult
to reconcile the age of VFTS 16 with the flight time of the star
from R136.
1 The BONNSAI web-service is available at www.astro.uni-
bonn.de/stars/bonnsai
In order to assess the sensitivity of the age discrepancy on
the underlying stellar evolution models, we reviewed the lit-
erature and found that a 100 M model including rotation for
half-solar metallicity is provided by Choi et al. (2016). How-
ever, their model rotates initially very fast (vrot,initial/vcrit = 0.4,
or vrot,initial ' 450 km s−1), and reaches CNO-equilibrium abun-
dances at the surface very quickly, evolving from the ZAMS
(Teff ' 54 000 K) only to hotter surface temperatures (solid red
track in Fig. 5). The use of solar scaled initial abundances by
Choi et al. (2016) limits the surface nitrogen enrichment to a fac-
tor of order 10, while both observations and models using LMC
initial abundances suggest consistently a maximum enrichment
factor of the order of 30 in LMC massive stars (Hunter et al.
2009). To mimic this, we have doubled the N-enrichment in the
track of Choi et al. (dotted red track in Fig. 5). Using this en-
hanced abundance, their model reaches the level of nitrogen en-
hancement as observed in VFTS16 after about 0.3 Myr. At an
age of 1.5 Myr, its surface has reached CNO equilibrium, and
the model has left the plot area to the left in Fig. 5.
Thus, in agreement with the results from Köhler et al.
(2015), models of fast rotators can not represent VFTS16. This
is confirmed by the rotating (vrot,initial/vcrit = 0.4) LMC models
shown by Crowther et al. (2010). While nitrogen enhancement
is not discussed in detail in their paper, at an age of 1.5 Myr all
their models are strongly helium-enriched, which implies CNO-
equilibrium surface abundances (Grin et al. 2017).
Thus, the interpretation of VFTS 16 in terms of single star
models requires moderate initial rotational velocities, in the
range vrot,initial ' 150 . . . 200 km s−1. Except for those of Köh-
ler et al. (2015), corresponding models are not available in the
literature. However, as studied by Sanyal et al. (2015), the effec-
tive temperature evolution of the models by Köhler et al. (2015)
is affected by envelope inflation, as they are very close to the
Eddington limit. They showed that the degree of envelope infla-
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Fig. 3. Relative proper motions (0.1 mas yr−1≈25 km s−1) for the 79 O-type VFTS stars in 30 Doradus that have proper motion errors less than
0.07 mas yr−1. VFTS 16 and 72 are labelled (marked with +), as are three additional outliers (marked with ×) that are discussed briefly in the text.
The left-hand figure (a) is the standard proper motion diagram with the error ellipses indicated for these 5 stars, though for clarity the ellipses for
the full sample are omitted. The inner dashed ellipse denotes the velocity dispersion of the local reference frame around R136/NGC2070 sample
discussed in section 2.2. In the right-hand figure (b) we show a polar plot of the radial and tangential components relative to the direction from
R136, concentric circles denoting relative proper motions of 0.1, 0.2 and 0.4 mas yr−1. In this diagram the positive x-axis, 0◦, denotes a direction
radially outward from R136, with positive angles indicating that the tangential component is counterclockwise with respect to the position angle
of the star relative to R136.
tion, and thus the effective temperature at a given time, depends
on the efficiency of energy transport in the subsurface convec-
tion zones of these models. At an age of 1.5 Myr, the radii of the
models of Köhler et al. shown in Fig. 5 are inflated by about
20%, implying that corresponding non-inflated models would
be about 5000 K hotter. While there is empirical and theoreti-
cal evidence for the inflation phenomenon (Petrovic et al. 2006;
Gräfener et al. 2012), its extent is uncertain. The models of Köh-
ler et al. (2015) could therefore underestimate the effective tem-
peratures, and we can not exclude the possibility that VFTS 16
is an evolved single star with an age of 1.5 Myr.
Nor can we exclude the possibility that either star might be
a BES runaway, though clearly this is more relevant to VFTS 72
whose proper motion direction is approximately 2σ away from
its position angle with respect to R136. Whereas population syn-
thesis studies mostly predict smaller kinematic velocities then
those we derived for our two stars (Eldridge et al. 2011; Renzo
et al. 2018), the fastest BES runaways may come from binaries
which undergo common envelope evolution (see for example
Boubert et al. (2017) which is essentially unconstrained at very
high mass. In any case, the age problem of both stars is even
more severe in the BES scenario, since they would necessarily
have to be older than the shortest stellar life time of about 2 Myr
(Köhler et al. 2015). This remains true even when considering a
potential rejuvenation of a BES runaway due to mass accretion,
since the stellar life times at very high mass depend only weakly
on the stellar mass. We therefore consider a BES origin for both
stars as unlikely, most strongly so for VFTS 16, for which also
the weak nitrogen enrichment argues against an accretion his-
tory.
4. Conclusions
Consideration of the Gaia DR2 proper motions of O-type stars
in the region of the Tarantula Nebula provides strong support for
the hypothesis proposed by Evans et al. (2010) that the ∼100 M
runaway star VFTS 16 was ejected from the central cluster R136
by the mechanism of dynamical interaction with extremely mas-
sive binaries in the cluster.
We have also discovered that another isolated ∼100 M star
in the region, VFTS 72, is also a proper motion runaway, as pre-
viously suspected by Walborn et al. (2002) on the basis of its
relative isolation (it has a typical LOS velocity for its environ-
ment). The origin of VFTS 72 is unclear as its direction of mo-
tion is ∼ 2σ away from R136.
While the uncertainties on the inferred evolutionary ages of
these two stars are significant, they are systematically lower than
their dynamical ages assuming both stars have been ejected from
R136, or close to that cluster. As such, both stars, and VFTS 16
in particular, are useful constraints on stellar evolution models
of very massive stars.
Finally, assuming VFTS 16 was ejected from R136, the dy-
namics of this star set a robust lower limit on the age of the clus-
ter of ∼1.3 Myr.
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